Abstract The impact of future climate change on the glaciers in the Karakoram and Himalaya (KH) is investigated using CMIP5 multi-model temperature and precipitation projections, and a relationship between glacial accumulation-area ratio and mass balance developed for the region based on the last 30 to 40 years of observational data. We estimate that the current glacial mass balance (year 2000) for the entire KH region is -6.6±1 Gta −1 , which decreases about sixfold to -35±2 Gta −1 by the 2080s under the high emission scenario of RCP8.5. However, under the low emission scenario of RCP2.6 the glacial mass loss only doubles to -12±2 Gta −1 by the 2080s. We also find that 10.6 and 27 % of the glaciers could face 'eventual disappearance' by the end of the century under RCP2.6 and RCP8.5 respectively, underscoring the threat to water resources under high emission scenarios.
Introduction
Glaciers in the Karakoram and Himalaya (KH) cover an area of about 40,800 km 2 and provide water resources to about 800 million people in Asia, especially during the crucial dry months (Immerzeel et al. 2010; Bolch et al. 2012) . The response of glaciers to the ongoing climate change is complex, and different regions of KH are showing varying rates of retreat and mass loss (Bolch et al. 2012 and Kääb et al. 2012) . These differing losses in glacial mass and extent are due to different climatological and geomorphological conditions (Kulkarni et al. 2007; Venkatesh et al. 2011; Benn and Owen 1998) . Numerous investigations in the KH region suggest that most of the glaciers are retreating and losing mass, similarly to those in other parts of the world (Bolch et al. 2012) , except for some glaciers in the Karakoram which show stagnation or advance (Scherler et al. 2011) . Further, mass balance (net mass change per year) in the Karakoram could be slightly positive . However, the impact of projected climate change on KH glaciers is poorly understood. An erroneous statement by the Intergovernmental Panel on Climate Change (IPCC) on the fate of Himalayan glaciers further highlighted this knowledge gap (Cogley et al. 2010) . Barring a couple of catchment scale studies -Baltoro basin in the Karakoram and Langtang in Nepal, and the consequent hydrological responses (Immerzeel et al. 2012; Immerzeel et al. 2013) , and a recent global scale study (Radic et al. 2013) , the impact of climate change on the glacial mass balance of the KH region is not adequately investigated.
This study on the potential future changes in glacial mass balance in the KH region has been made possible because of 1) our improved knowledge of the hypsometry of glaciers throughout the KH region (Bolch et al. 2012) , and 2) a statistical relationship, between glacial accumulation-area ratio (AAR) and mass balance in the Himalayan region (Kulkarni et al. 2004) . This relationship along with the hypsometry of the glaciers, and their equilibrium-line altitudes (ELA) is used to link the glacial mass balance in the region with the climate change projections. In the past, AAR and ELA have been used by several studies to estimate glacier mass balance (Kulkarni et al. 2004; Dyurgerov et al. 2009 ) and to reconstruct paleo-climate (Ignéczi and Nagy 2013; Owen and Benn 2005) .
In this study, we aim to provide a 'broad order-of-magnitude' estimate of the glacial mass balance over the entire KH region towards the end of the 21st century. We first validate the 21st-century projections of the coupled models (CMIP5; Moss et al. 2010; Chaturvedi et al. 2012 ) over the KH region, and estimate the ensemble-mean projections for temperature and precipitation changes under different RCP pathways for shortterm (2030s; averaged over 2016-2045), medium-term (2050s; averaged over 2036-2065) and long-term periods (2080s; averaged over 2066-2095) . Henceforth, these time periods will be referred as 2030s, 2050s and 2080s respectively. Short-term (2030s) and medium-term (2050s) periods overlap as we consider the standard 30 year climatology period for each term. Then we assess the current mass balance in the KH region (for the year 2000) and project the mass balance and glacial mass loss in response to the above mentioned changes in temperature and precipitation (for the 2030s, 2050s and 2080s). We consider the glaciers on a basin-by-basin basis, and regard basins as 'vulnerable' if the equilibrium line rises above the average of their maximum glacier elevations.
Study area
The present analysis is carried out for the KH region where reliable glacier inventory data are available. The region is divided into four sub-regions -the Karakoram, and the Western, Central and Eastern Himalaya (Bolch et al. 2012; Bajracharya and Shrestha 2011) . The KH region is further divided into 53 major glacial basins (Fig. 1) . The Karakoram, and the Western and Central Himalaya get snowfall mainly due to westerly disturbances, while the Eastern Himalaya receives snowfall during the summer monsoon (Bookhagen and Burbank 2010; Kripalani et al. 2003) .
Data and methods

Climate data
Observed climate data are obtained from Climate Research Unit (CRU; CRU TS3.10), University of East Anglia (Mitchell and Jones 2005) . Future temperature and precipitation projections are obtained from ensemble-mean projections for the KH region from 21 Earth system models (Supplementary Table S1 ) driven by representative concentration pathways (RCPs) available under the coupled model inter-comparison project (CMIP5; Moss et al. 2010; Chaturvedi et al. 2012 ).
Different CMIP5 model outputs are available at different resolutions; these outputs for both historical and future projections are regridded to a common spatial Fig. 1 The study area -Karakoram and Himalaya (KH) region scale of 0.5×0.5°resolution by using bilinear interpolation. Taylor diagrams (Taylor 2001) are then used to compare simulated temperature and precipitation for the historical period (individual models and model ensemble) with the observed CRU climatology for the KH region. 'Taylor diagrams' are a convenient way of comparing different models by viewing three related parameters at a single glance: standard deviation, correlation with observed data, and centred root mean square (RMS) distance.
As can be seen in Fig. 2 , the observed data is marked CRU. The green circles centered at the reference point represent loci of constant RMS distance, while the circles centered at the origin represent loci of equal standard deviation. Correlation is represented as the cosine of the angle made with the horizontal axis. Best performers on the Taylor diagram are the models that show as much variance as the observations, largest correlation and least RMS distance. Figure 2 suggests a reasonable simulation of temperature by almost all the models, with the model ensemble mean being closest to the observations. For the simulated precipitation, ensemble mean is again closest to the observations, although the models deviate significantly from observations. Thus, the Taylor diagram suggests higher confidence for the temperature projections and relatively low confidence for the precipitation projections from CMIP5 models.
Glaciological data
In addition to climate information, glaciological data such as hypsometry, ELA and AAR are used to estimate current and projected glacial mass balance. The hypsometry of glaciers throughout the KH region is obtained from Bolch et al. (2012) . Region-wide equilibriumline altitude (ELA) is collected from recent publications (Kulkarni et al. 2004; Owen and Benn 2005; Pandey et al. 2012; Fujita et al. 1998; Wagnon et al. 2007 ) as summarized in Supplementary Table S2 .
The altitude at which the annual net mass balance averages zero is called the equilibriumline altitude (ELA). Different glaciers have ELA estimates available for different years. These are then adjusted to the year 2000, using an upward ELA shift of 10 m per year as suggested by Pandey et al. (2012) . Since ELA data is lacking for the Karakoram region, we used the ELA data of adjacent glaciers in the Western Himalayas for the Karakoram. ELA mainly depends on the climatology (e.g. precipitation and temperature of the area), and the topography (slope and aspect). The Karakoram and Western Himalaya are adjacent and receive snowfall mainly due to westerly disturbances (Bookhagen and Burbank 2010; Kripalani et al. 2003) , and hence in the absence of ELA data for Karakoram we believe it is justified to use the ELA data of Western Himalaya for Karakoram.
Methods
Glacial mass balance is estimated using the accumulation-area ratio (AAR) method (Kulkarni et al. 2004) as is shown schematically in Fig. 3 .
The current glacial mass balance (for the year 2000) in the KH region is estimated by first creating an inventory of the hypsometry of glaciers in the KH region (as obtained from Bolch et al. 2012) , and then the AAR is estimated by applying the regional ELAs. Based on the following relationship between the AAR and glacial mass balance developed by Kulkarni et al. 2004 , the current glacial mass balance for the KH region is estimated:
where B=Specific glacial mass balance (mmw.e.) and α=Accumulation-area ratio As 0≤α≤1, B is constrained to lie between +1,230 and -1,200 mm w.e.a Based on the projected ELAs new AARs (α cc ) are calculated, and mass balance under climate change scenario (B′) is projected using the following equation: Further, changes in mass balance in response to the precipitation changes (ΔB P ) are derived from the equation
where ΔB p , α cc , and ΔP represent the change in mass balance due to precipitation changes, AAR under climate change scenario, and change in precipitation, respectively.
The correction assumes that precipitation adds to the mass balance of the glacier, but this addition is limited to the accumulation area since the precipitation above ELA will be mostly retained in solid form, while precipitation below ELA will melt, even if it is in the solid form. This implies that whatever precipitation falls over the accumulation area is retained, which may not be the case due to losses from sublimation and melting. Hence, this assumption is conservative and may tend to yield lower bounds on total mass loss.
Mass balance under the climate change scenario (B cc ) is thus estimated as a sum of mass balance in response to ELA shifts (representing temperature changes) (B′) and changes in mass balance in response to precipitation changes (ΔB P )
Total glacial mass loss is obtained by multiplying the glacier area by the estimates of specific mass balance. In this study the current trend (over the last 30-40 years; Bolch et al. 2012) in glacier area retreat has been used to estimate the glacial area up to 2050 and subsequently areal extent is kept constant to 2100. 
Results
In this section we discuss the climate change (temperature and precipitation) and glacial mass balance projections for the KH region under the different RCP pathways.
4.1 Temperature and precipitation change projections CMIP5 multi-model based historical and projected annual mean temperature and precipitation for the KH region is shown in Fig. 5, which shows that the models reproduce well the observed climate and its variability. Figure 5 suggests that by 2080s, the mean temperature increases by between 2.36°C (RCP2.6) and 5.51°C (RCP8.5) relative to the pre-industrial period (1880s, averaged over 1861-1900). For RCP4.5 and RCP6.0 the projected increases are 3.49°C and 3.83°C respectively.
Over the KH region, ensemble-mean annual precipitation increases by 0.6 to 1.6 % by 2030s under RCP2.6 and RCP8.5 respectively, and by 2.6 to 8.5 % by 2080s, relative to the pre-industrial period. However, precipitation projections have larger uncertainties than temperature projections as is evident from the large spread of the precipitation change projections in Fig. 5 , which range from -20 to 40 % towards the end of the century. Temperature and precipitation time-series projections from the 21 CMIP5 models for the individual regions of the KH are shown in Supplementary Figure S1 .
Supplementary Figures S2 and Figure S3 show the spatial distribution of CMIP5 ensemblemean annual changes in temperature (°C) and precipitation (%) as projected for the 2030s, 2050s and 2080s, relative to the pre-industrial baseline for the different RCP scenarios. As expected, in each of the three time slices RCP2.6 generally experiences the least warming, while RCP8.5 is associated with the highest warming, with RCP4.5 and RCP6.0 yielding moderate warming. Precipitation is generally projected to increase in higher-emission scenarios. . As compared to the other regions of the Himalaya this region shows a positive mass balance mainly due to a higher average altitude. By 2080s, the ELA shifts upward to 5,408±139 m and 5,931±231 m due to temperature increase of 1.5 and 5.2°C under RCP2.6 and RCP8.5 scenarios respectively. Mass balance is projected to change to -105±234 and -957±346 mm w.e.a −1 by 2080s for RCP2.6 and RCP8.5 scenarios respectively, (Fig. 6 ) but the projection is changed to -96±254 and -951±368 mm w.e.a −1 due to a slight increase in precipitation by 20 and 55 mma . By 2080s, the ELA shifts upward to 5,390±89 m and 5,880±177 m with temperature increase of 1.4 and 4.9°C under RCP2.6 and RCP8.5. The mass balance is projected to be -372±199 and -1,092±127 mm w.e.a −1 by 2080s for RCP2.6 and RCP8.5 scenarios respectively, and the projection is altered to -368±221 and -1,090±138 mm w.e.a −1 due to a slight increase in precipitation by 11 and 44 mma −1 , respectively.
In the Central Himalaya, the current mean ELA (year 2000) is estimated at 5,768±40 m and the glacial mass balance at -508±69 mm w.e.a −1
. The ELA shifts upward to 5,954±108 m and 6,371±150 m with temperature increase of 1.3 and 4.3°C by 2080s, under the RCP2.6 and RCP8.5, respectively. Mass balance is projected to change to -650±177 and -1,061±80 mm w.e.a −1 for RCP2.6 and RCP8.5 scenario respectively by 2080s, and is altered to -634±203 and -1,051±96 mm w.e.a −1 (Fig. 6 ) due to increase in precipitation by 72 and 175 mma −1 for this scenario.
In the Eastern Himalaya the current mean ELA (year 2000) is estimated at 5,900±40 m and the glacial mass balance at -809±38 mm w.e.a −1
. The ELA is projected to shift upward to 6,084±81 m and 6,447±129 m with temperature increase of 1.3 and 3.9°C by 2080s under the RCP2.6 and RCP8.5 scenarios respectively. The mass balance is projected to change to -909± 59 and -1,097±48 mm w.e.a −1 for RCP2.6 and RCP8.5 respectively by 2080s and the projection is altered to -896±83 and -1,084±65 mm w.e.a −1 (Fig. 6 ) due to increase in precipitation by 109 and 300 mma −1
. The increase in precipitation, though large, does not significantly affect mass balance due to the shrinkage of accumulation areas.
In Fig. 6 , the mass balance range from current (2000) to the long term projections (2080s), is higher for the Karakoram and Western Himalaya regions than the Central and Eastern Himalaya. This is because Karakoram and Western Himalaya experience somewhat larger ensemble-mean temperature increases under climate change scenarios (1.5°C and 1.4°C under RCP2.6 to 5.2°C and 4.9°C under RCP8.5, respectively; Supplementary Figures S1 and S2) compared to the Central and Eastern Himalaya (1.3°C and 1.3°C under RCP2.6 to 4.3°C and 3.9°C under RCP8.5, respectively).
For the entire KH region, mass balance is estimated as an area-weighted average mass balance from each region. The mass balance for the KH region is estimated at -162±16 mm w.e.a −1 (2000) and is projected to decrease to -342±55 mm w.e.a −1 (2080s, RCP2.6) and -1,014±59 mm w.e.a −1 (2080s, RCP8.5).
These mass balance projections are also used to estimate the total mass loss for the KH region as discussed in the '3.3' section. For the entire KH region, our study suggests a current . The mass loss is projected to increase to -12±1 and -14.4±1 Gta −1 in 2030s, and -12±2 and -35.5±2 Gta −1 in 2080s, under the RCP2.6 and RCP8.5 scenario, respectively.
Discussion and conclusions
Our estimates of current glacial mass balance in the KH region are broadly in agreement with recent observational estimates. For example, our estimated positive glacial mass balance (+171± 63 mm w.e.a −1 in the year 2000) in the Karakoram region is close to that of Gardelle et al. (2012) , who estimated its mass balance at +110±220 mm w.e.a −1 over the period 1999 to 2008. However, our estimates do differ from that of Kääb et al. (2012) , who estimated a mass balance of -70±40 mm w.e.a For the entire KH region, our study suggests the current (year 2000) glacial mass loss to be -6.6±1 Gta Similarly, our mass balance projections are also in broad agreement with the projections for the South Asian domains by Radić et al. (2013) . For the South Asia-west (which also includes Karakoram and Western Himalaya) and South Asia-East (including the Central and Eastern Himalaya) regions, Radić et al. (2013) project an increase in mass loss to -600±400 and -200± 400 mm w.e.a −1 over the period 2003-2022 to 2081-2100 for the RCP4.5. Our study projects an increase in mass loss at -572±272 and -288±145 mm w.e.a −1 (over the period 2000 to 2080s) for the combined Karakoram and Western Himalaya region, and the combined Central and Eastern Himalaya regions respectively, over the same RCP scenario.
Our study also suggests that ELA will increase by 129 to 213 m (2030s) and 184 to731 m (2080s) under RCP2.6 and RCP8.5 scenarios respectively in our four sub-regions. This suggests that in the future, glaciers in many sub-basins of the KH region are likely to be located below the ELA. Glaciers in these basins would lose mass larger than 1,200 kgm
(as a consequence of α=0, in Eq. 1) and would head towards 'eventual disappearance' (Fig. 7a, b) . Our study projects that approximately 5 % of the total glacial area in the Karakoram (Gilgit basin), 13 % in the Western Himalaya (Shingo, Astor, Jhelum and Ravi basins), 10 % in the Central Himalaya (Tons, Upper Yamuna, Bhilanga, Mandakini, Pindar, Kawari, Mugu, Indrawati, Likhu, DudhKoshi and Tila basins) In the entire KH region, 10.3 and 10.6 % of the glaciated area may show eventual disappearance by 2030s; 10.6 and 13.2 % by 2050s, and 10.6 and 27 % by 2080s, under RCP2.6 and RCP8.5 scenarios respectively. This study has many limitations and associated uncertainties. Observed temperature and precipitation records over the KH region, especially at high altitudes, are limited. Climate change projections too are associated with a range of limitations and uncertainties -driven mainly by the diversity of models and scenarios, as evident from the broad range of temperature and precipitation projections available for the region (Fig. 5) . Temperature projections are, however, found to be less variable than the precipitation projections (Fig. 2) . This provides us confidence in our results as temperature change is the main driver for mass balance changes, and precipitation changes are found to have little influence on mass balance changes in all the regions. One of the key limitations of this study is the use of GCM based coarse resolution climate projections and the lack of temperature and precipitation gradient along the altitude within each region.
In this investigation, mass balance is estimated using a linear relationship with AAR. An AAR of 0.58-0.7 is reported to correspond to a specific net mass balance of zero for well studied Alpine and Rocky mountain regions Bahr et al. 2009; Kulkarni et al. 2004 ). We used the only available field study from the KH region (Kulkarni et al. 2004) , which estimates this value to be 0.5 in the Western Himalaya. This ratio is likely to be applicable to the Karakoram, Western and Central Himalayas due to similarities in their glacial accumulation patterns (Kulkarni 1992 ), but may not be applicable to the glaciers in the Eastern Himalaya since the accumulation pattern here differs from other areas (Kulkarni 1992 ). It will be useful to validate this relationship in other parts of the KH region. Further, AAR is estimated by adding glacial extent in each altitude zone of all glaciers in the region, therefore, variability in ELA due to local geomorphologic parameters is not included in our uncertainty estimates. ELA observations from different years are brought to the year 2000 using a relationship developed by Pandey et al. 2012 in the Western Himalaya. This relationship is not tested in the other regions. Additionally the impact of precipitation changes on the ELA has not been investigated, as this effect is found to be very small (Ohmura et al. 1992) . In this study, the current trend (over the last 30-40 years) in glacier area loss has been used to estimate the glacial area up to 2050, and subsequently areal extent is kept constant to 2100. We are aware that the simple assumption on the trends in glacial areal extent up to 2050 and 2100 could lead to over estimation of mass loss in far future (i.e. 2080s). Nevertheless, we are of the opinion that this assumption is justified as the increase in debris coverage later in the century can have an insulating effect and may decrease the melting (Kulkarni et al. 2005) . Dust, debris coverage, albedo changes, periglacial ice and black soot are also likely to influence KH glaciers, however their influence is not investigated in this study.
We believe that the order of magnitude change in mass balance estimates in this study is likely to be robust since we have used multi-model ensemble-mean projections of climate change, and a local field based statistical relationship between AAR and mass balance, which is likely to be applicable to large parts of the KH region due to similarity in the glacier accumulation patterns.
This analysis clearly suggests that a rapid mitigation of GHG emissions, i.e., a shift from the RCP8.5 pathway to RCP2.6, could prevent more than 16 % of the KH glaciated area from 'eventual disappearance' towards the end of this century. Further, even those glaciers which do not face eventual disappearance are likely to have more glaciated areas in RCP2.6. Therefore, present pattern of stream runoff and availability of water resources could be largely maintained, if lower emissions pathways are followed in future.
